The Netrin receptor Deleted in colon cancer (Dcc) has been shown to play a pivotal role in the guidance of nascent axons towards the ventral midline in the developing nervous systems of both vertebrates and invertebrates. In contrast, the function during embryogenesis of a second Dcc-like Netrin receptor Neogenin has not yet been defined. We used antisense morpholino oligonucleotides to knockdown Neogenin activity in zebrafish embryos and demonstrate that Neogenin plays an important role in neural tube formation and somitogenesis. In Neogenin knockdown embryos, cavitation within the neural rod failed to occur, producing a neural tube lacking a lumen. Somite formation was also defective, implicating Neogenin in the migration events underlying convergent extension during gastrulation. These observations suggest a role for Neogenin in determining cell polarity or migrational directionality of both neuroectodermal and mesodermal cells during early embryonic development. D
Introduction
Neogenin Meyerhardt et al., 1997; Vielmetter et al., 1994 ) is a transmembrane protein closely related to the Deleted in colon cancer (Dcc) receptor (Cooper et al., 1995; Fearon et al., 1990) . Both Neogenin and Dcc have four immunoglobulin (Ig) domains and six fibronectin type III repeats in the extracellular domain, a single pass transmembrane domain, and an intracellular domain; a configuration that places Neogenin and Dcc in the cell adhesion molecule (CAM) family of the Ig superfamily. They both bind Netrins, a family of soluble ligands that are structurally related to Laminin (Keino-Masu et al., 1996; Wang et al., 1999) .
In the mouse, Dcc is expressed at high levels in the early central nervous system (CNS), whereas Neogenin is expressed at lower levels in both the CNS and tissues of mesodermal origin, including bone and cartilage condensations . In late embryogenesis, Dcc expression ceases except in CNS regions actively undergoing neurogenesis. Meanwhile, Neogenin expression persists throughout development.
Dcc and Netrin-1-deficient mice exhibit severe defects in commissural axon extension and also lack several major commissures within the forebrain, including the corpus callosum and the hippocampal commissure (Fazeli et al., 1997; Serafini et al., 1996) . In the developing CNS, commissural axons displaying the Dcc receptor are chemoattracted towards a Netrin source at the floor plate and migrate towards the ventral midline in response to an increasing Netrin concentration gradient. The interaction of Netrin with Unc-40, the Dcc orthologue in Caenorhabditis elegans, also results in a chemoattractive response (Hedgecock et al., 1990) , while Netrin interaction with the Unc-5 family of Netrin receptors results in chemorepulsion (Hedgecock et al., 1990; Przyborski et al., 1998) . In C. elegans, Unc-40 is also required for dorsal migrations of circumferential axons away from the ventral midline (the Netrin source), probably by participating in a heterodimeric receptor complex with Unc-5 (Hedgecock et al., 1990; Hong et al., 1999) . In addition to acting as an axon guidance receptor, Dcc -Unc-40 is also responsible for guidance during development of neuronal and mesodermal cells in C. elegans (Hedgecock et al., 1990 ) and mouse (BlochGallego et al., 1999; Serafini et al., 1996) . Because Unc-40 and Frazzled appear to correspond to single Dcc -Neogeninlike molecules in C. elegans and Drosophila (Kolodziej et al., 1996) , respectively, it is likely that the dcc and neogenin genes diverged from a common ancestor some time after the division between nematodes, arthropods, and chordates occurred. Srinivasan et al. (2003) recently demonstrated a novel role for Neogenin -Netrin-1 interactions in mouse mammary gland morphogenesis. In the developing mammary gland, Netrin-1 and Neogenin expression was found in close juxtaposition in two adjacent epithelial layers, the prelumenal cells and the cap cells. Several lines of evidence supported a model whereby Netrin-1, secreted by prelumenal cells, stabilized and maintained the close proximity of Neogenin-expressing cap cells (Srinivasan et al., 2003) . To investigate whether Neogenin, like Dcc, also plays a role in axon guidance and cell migration during embryogenesis, we elected to study its function using antisense morpholino oligonucleotides (morpholinos) to reduce Neogenin activity in zebrafish embryos. The zebrafish embryo is particularly amenable to neurobiological studies. It has a relatively small number of early born primary neurons and a stereotypical and well-characterized axon scaffold (Chitnis and Kuwada, 1990; Ross et al., 1992; Wilson et al., 1990) . These advantages, coupled with the arrival of morpholinos as the preeminent tool for reverse genetic studies in zebrafish embryos (Ekker and Larson, 2001; Nasevicius and Ekker, 2000) , appeared to provide a highly favorable system in which to study the function of Neogenin during vertebrate development. Our studies revealed that Neogenin morphants exhibit defects in neural tube formation and somitogenesis. In Neogenin morphants, the neural rod failed to cavitate producing a neural tube lacking a lumen along the entire neuraxis. In these circumstances, neurogenesis was substantially inhibited, resulting in a global loss of differentiated neurons in the early zebrafish brain. The morphants also developed thinner and wider somites. Our data point to Neogenin playing a role during embryogenesis that is indispensable for the normal development of the vertebrate central nervous system.
Methods

Embryo collection
Zebrafish embryos were obtained from natural spawning in a breeding colony of wild-type fish kept on a 14-h light-10-h dark cycle according to standard procedures. Collected embryos were maintained in egg water at 28.5jC containing 0.003% 1-phenyl-2-thiourea (PTU, Sigma) to inhibit melanin pigment formation and staged by morphological criteria (Kimmel et al., 1995) . Embryos were dechorionated with watchmaker forceps or in bulk with pronase (2 mg/ml in embryo medium).
Cloning of zebrafish neogenin
A full-length neogenin cDNA of 5680 nucleotides was generated from three overlapping partial-length cDNA clones: (i) EST clone fa10d08 (GenBank accession no. AA494682), (ii) EST clone fc39b06 (GenBank accession no. AI667315), and (iii) a cDNA fragment cloned from a post-somitogenesis (20 -28 hpf) E-ZAP embryonic cDNA library (constructed by Robert Riggleman and Kathryn Helde, distributed by David Grunwald) using EST clone fa10d08 as a probe. The full-length cDNA sequence we derived has been deposited in GenBank under accession no. AY082380.
Morpholino injections
Morpholinos are efficient and specific inhibitors of mRNA translation (Ekker and Larson, 2001 ) and were obtained from Gene Tools (Gene Tools LLC, Oregon, USA). Two nonoverlapping neogenin mRNA antisense morpholinos (MOs) were made: (i) UTR-MO (5V-GAATAAAA-GAAGTGTGAAAAGCCAC-3V) complementary to the 5V UTR and (ii) ATG-MO (5V-GGCTCCCCGCTCCGCCAT-CACTTTA-3V) complementary to the region encompassing the translation initiation codon (underlined). A control morpholino (CONT-MO) (5V-CCTCTTACCTCAGTTACAATT-TATA-3V) that has no target specificity was used for control injections. The use of two morpholinos generated against two separate 5V regions of the targeted mRNA has emerged as a reliable control for specificity (Ekker and Larson, 2001 ). Solutions were prepared and injected into the yolk sac below the blastomeres of 1-to 8-cell stage embryos. All experiments on live embryos were approved by the Ludwig Institute for Cancer Research/Department of Surgery, Royal Melbourne Hospital Animal Ethics Committee.
Histology and immunohistochemistry
Embryos were fixed in 4% paraformaldehyde -PBS at 4jC overnight. For histology, embryos were washed in PBS -Tween 20 (PBST) and dehydrated in 10-min washes with a graded ethanol series to 100%, embedded in paraffin, sectioned at 3 Am, and counterstained with hematoxylin and eosin. Sections were imaged on a Microphot FX compound microscope (Nikon, Tokyo, Japan) and SPOT digital camera (Diagnostic Instruments Inc., Sterling Heights, MI, USA). Whole-mount immunohistochemistry was carried out by making embryos permeable to antibodies with 0.3% Triton X-100-PBST. Embryos were either mounted in low-melting point agarose and imaged with a BioRad MRC-1024 confocal microscope or in 80% glycerol -PBST and imaged with a Leica MZ6 dissecting microscope and Olympus DP10 digital camera. Anti-a-acetylated tubulin and anti-Hu antibodies were from Sigma (St. Louis, MO) and were used at 1:2500 and 1:250, respectively. Secondary antibodies were AlexaFluor 488 goat anti-mouse IgG (1:1000 -1:500; Molecular Probes Inc., Oregon, USA) for confocal analysis or ZyMax HRP conjugated goat anti-mouse IgG (1:500; ZyMed, CA, USA) for light microscopy.
Whole-mount in situ hybridization
Embryos were fixed in 4% paraformaldehyde -PBS at 4jC overnight, then dehydrated through a methanol -PBS series to 100% methanol and stored at À20jC. Digoxygenin (DIG)-labeled riboprobe synthesis and in situ hybridization on rehydrated embryos were conducted essentially as previously described (Oates et al., 1999) . Sense and antisense riboprobes were synthesized by in vitro transcription using T3, T7, and SP6 polymerases and DIG-labeled UTP according to the manufacturer's instructions (Roche, Germany). Two neogenin antisense riboprobes were used: NG-FN (1117 nucleotides encoding the second through to the sixth fibronectin type III repeats) and NG-ICD (704 nucleotides encoding the intracellular domain). Hybridized riboprobes were detected using an anti-DIG antibody conjugated to alkaline phosphatase according to the manufacturer's instructions (Roche). Embryos were imaged with a Leica MZ6 dissecting microscope and Olympus DP10 digital camera. In all cases, no staining was observed when using the control sense riboprobes.
Acridine orange staining
Live embryos were stained at 26 h post-fertilization (hpf) with the vital dye acridine orange (AO, acridinium chloride hemi-[zinc chloride]; Sigma). Embryos were dechorionated and placed in 5 Ag/ml AO in embryo medium at RT for 30 min in the dark. The embryos were then washed three times with embryo medium and anaesthetized with 200 mg/l benzocaine solution. The yolk was removed and the embryo was flattened in preparation for imaging by confocal microscopy.
Results
Neogenin expression during zebrafish embryogenesis cDNAs corresponding to a single zebrafish neogenin orthologue were cloned and sequenced (see Methods). Comparisons of predicted amino acid sequences revealed that zebrafish Neogenin was closely related to other vertebrate Neogenin proteins but distinct from zebrafish Dcc (Hjorth et al., 2001 ). An analysis of neogenin mRNA expression over the first 48 hpf was carried out using RT-PCR and whole-mount in situ hybridization. RT-PCR of RNA extracted from whole embryos demonstrated that neogenin mRNA was present throughout the first 48 h of Fig. 1 . Expression of neogenin during zebrafish development. (a and b) neogenin mRNA expression was first detected by whole mount in situ hybridization at 14 hpf in the presumptive hindbrain (brackets) and in the lateral plate mesoderm (arrows). (c) At the onset of neurulation (16 hpf), neogenin expression was observed throughout the rostrocaudal extent of the neural rod (arrows) as well as in the lateral plate mesoderm (arrowheads). (d) At 18 hpf, neogenin expression localized to regions of the forebrain, midbrain, and hindbrain, including areas encompassing early clusters of differentiating neurons, for example, the dorsorostral cluster (drc) in the telencephalon and the ventrorostral cluster (vrc) in the rostral diencephalon. Expression was also detected in the rostral hindbrain (rhb) and tailbud (tb). (e) At 20 hpf, neogenin expression was found in the ventral portion of the most recently formed somites (arrows), tailbud, and the roof plate (rp) within the neural tube. (f -h) At 24 hpf, expression was observed in the lateral mesoderm (f, arrows) and (g) the neuroepithelium of the forebrain (fb), midbrain (mb), and hindbrain (hb). (h) neogenin expression was detected in neuronal clusters of the forebrain including in the telencephalon (t), diencephalon (d), including its dorsal region (dd), and the epiphysis (e). Meanwhile, midbrain expression was strong in the tegmentum (tg) but negligible in the tectum (te) and the midbrain component of the midbrainhindbrain boundary (mhb). Strong expression was seen in the cerebellum (ce) and dorsal hindbrain. development (data not shown), indicating maternal deposition of neogenin mRNA in the fertilized egg and zygotic expression throughout gastrulation. Using in situ hybridization, a domain of neogenin expression was first observed at 14 hpf in the presumptive hindbrain and lateral plate mesoderm (Figs. 1a and b, brackets and arrows, respectively) . At the onset of neurulation (16 hpf), expression was seen throughout the rostrocaudal length of the neural rod (Fig. 1c, arrows) . At 18 hpf, neogenin expression was observed in the forebrain, midbrain, and hindbrain, coincident with the regions where the first clusters of differentiating neurons arise in the telencephalon, rostral diencephalon, and ventral tegmentum (Fig. 1d) . At 20 hpf, expression within the neural tube was present only in the roof plate (Fig. 1e) . Strong expression was detected at 24 hpf throughout the neuroepithelium of the forebrain (telencephalon and diencephalon), ventral midbrain (tegmentum), cerebellum, and hindbrain ( Fig. 1g) , while expression was absent in the dorsal midbrain (tectum) and the midbrain component of the midbrain -hindbrain boundary (mhb; Fig. 1h ).
In nonneural tissue, neogenin expression was detected at 14, 16, and 24 hpf in bilateral stripes in the lateral plate mesoderm arrows, Fig. 1c, arrowheads, Fig. 1f, arrows) . At 18-20 hpf, neogenin expression was detected in the pre-somitic mesoderm in the tail bud (Figs. 1d and e), and by 20 hpf, in the ventral portion of the most recently formed somites (Fig. 1e, arrows) .
This analysis of neogenin expression is generally similar to that recently reported by Shen et al. (2002) . In addition, our study revealed expression of neogenin in the lateral plate mesoderm and roof plate. The neogenin expression pattern during embryogenesis is more extensive than that observed for zebrafish dcc (Hjorth et al., 2001) . Zebrafish dcc expression is restricted to neurons within the first neuronal clusters of the developing brain and to clusters of cells in the ventral and dorsal spinal cord.
Abnormal development of the CNS and somites in Neogenin morphants
Neogenin 'knockdown' morphants were created by injecting antisense morpholino oligonucleotides into the yolk of 1-to 8-cell stage zebrafish embryos to block neogenin mRNA translation (Nasevicius and Ekker, 2000) . Injection of targeted morpholinos, either complementary to sequences encompassing the translation initiation codon of neogenin mRNA (ATG-MO) or the 5V UTR of neogenin mRNA (UTR-MO) (see Methods), resulted in an identical, reproducible, and concentration-dependent phenotype in the developing embryos (morphants) ( Table 1 ). The morphological abnormalities resulting from injection of antisense morpholinos were never observed when the same concentrations of a nontargeted control morpholino (CONT-MO) were injected into embryos.
The earliest morphological abnormalities observed in the morphants appeared at approximately 14 hpf, after the onset of somitogenesis. The somites in the morphants were thinner along the rostrocaudal axis and extended further mediolaterally than somites in the control embryos (Figs. 2a and b) . Severe disruption in the development of the CNS was apparent in morphants at 24 hpf. The midbrainhindbrain boundary (mhb) and ventricles were clearly visible in control embryos at this stage, as were other structures such as the diencephalon, tegmentum, cerebellum, and hindbrain (Fig. 2c) , whereas these structures were severely perturbed or absent in the morphants (Fig. 2d) . The severity of the phenotype was concentration-dependent and ranged from total loss of these structures to minor deformations (Table 1) . At 36 hpf, it was apparent that the rostrocaudal axis of the morphants was significantly shorter than control embryos (Figs. 2e and f) . The length of the dorsoventral axis of the developing brain was also significantly reduced in the morphants (indicated by the reduced length of the horizontal bar in Fig. 2f inset compared to that in Fig.   2e ), suggesting a loss of neural tissue in the developing CNS. The morphants were mostly nonmotile with a restricted range of movement. By 96 -120 hpf, they continued to display a shortened rostrocaudal body axis and did not survive due to stalled development, pericardial edema, and widespread tissue necrosis.
Loss of post-mitotic neuronal populations in Neogenin morphants
To study the development of the CNS in Neogenin morphants at the cellular level, the presence of post-mitotic Fig. 2 . The development of the CNS and somites is impaired in Neogenin knockdown embryos (morphants). Neogenin morphants (b, d, and f) were generated using a neogenin antisense morpholino oligonucleotide (ATG-MO; 3.7 ng). Controls (a, c, and e) were generated using a control morpholino oligonucleotide (CONT-MO; 3.7 ng). neurons was visualized using an anti-Hu antibody (Marusich et al., 1994) . This antibody revealed a continuous population of Hu-positive post-mitotic neurons throughout the rostrocaudal axis of the spinal cord in control embryos at 24 hpf (Figs. 3d and g ). In contrast, embryos injected with 4 ng ATG-MO or 4 ng UTR-MO displayed a marked reduction in the number of Hu-positive post-mitotic neurons with prominent gaps between cells in this region (Figs. 3e, f, h, and i) .
Loss of differentiated neuronal populations in Neogenin morphants
The development of differentiated neuronal populations in Neogenin morphants was examined using an antibody specific for a-acetylated tubulin (Bernhardt et al., 1990) . This antibody permitted the visualization of the majority of axon tracts in control embryos at 24 hpf (Fig. 4a) . Staining of the morphants revealed a marked reduction in the number and density of axon tracts along the entire rostrocaudal axis of the embryo (Figs. 4b -d) . The intense a-acetylated tubulin staining in the rostral forebrain, midbrain, and hindbrain seen in control-injected embryos was almost completely lost in the morphants. In addition, the dorsal longitudinal fasciculus and the ventral longitudinal fasciculus in the neural tube comprised significantly fewer fibers. In the trunk of the morphant embryos, ventrally extending axons from caudal primary (CaP) motor neurons were largely absent. In some instances, a few CaP motor axons could be seen to project from the ventral neural tube, indicating that the somites within the morphants could support motor axon outgrowth. The severe reduction in axon tracts was also observed with a second axon-specific antibody marker, znp-1 (Trevarrow et al., 1990 ; data not shown).
The loss of such a large proportion of axon projections throughout the morphant embryos suggested that Neogenin either plays a role in the development of differentiated primary neuronal populations or regulates their ability to undergo neurite outgrowth and axon extension. To investigate the presence of neuronal populations in the Neogenin morphants we used in situ hybridization with a panel of markers specific for distinct populations of neurons.
The primary motor neurons in zebrafish embryos are specified at about 10 hpf and begin to extend axons at 17 hpf, developing in a rostrocaudal sequence (Westerfield et al., 1986) . Initially, the homeodomain gene islet-1 (isl-1) is expressed in all primary motor neurons. Meanwhile, the primary sensory neurons, the Rohon-Beard (RB) neurons, situated in the dorsal neural tube express both isl-1 and isl-2.
At 16 hpf, when the neural rod was forming, we could detect no conspicuous difference in the number of isl-1-expressing cells along the neuraxis of the morphants compared with control embryos (data not shown). By 24 hpf, however, the number of motor neurons and RB isl-1-expressing cells along the length of the neural tube was markedly reduced (Figs. 5a and b) . This finding was confirmed by analysis of isl-2 expression, which also demonstrated a loss of motor neurons and RB neurons (data not shown). At 24 hpf, isl-1 was also expressed in the embryonic brain in neurons within the ventrorostral cluster of the diencephalon, the dorsorostral cluster of the telencephalon, the epiphysis, the trigeminal ganglia, and the reticulospinal neurons (rsn) of the hindbrain (Korzh et al., 1993 ; Fig. 5c ). The number of isl-1-expressing neurons was slightly reduced in the dorsorostral cluster (drc) of the telencephalon and the trigeminal ganglia (tgg) of Neogenin morphants. A more marked reduction in the number of isl-1-expressing neurons was observed in the rsn of the hindbrain of morphants (Fig. 5d ) compared to controls. At 24 hpf, a population of pax2.1-expressing neurons (Krauss et al., 1991; Puschel et al., 1992) extending from the mhb to the otic placodes was also reduced in the morphants (Figs. Fig. 4 . Severe reduction in number and density of axon tracts in Neogenin morphants. Whole-mount immunohistochemistry using an anti-a-acetylated tubulin monoclonal antibody was used to visualize the major axon tracts in 24 hpf embryos. (a) In control embryos (3.7 ng CONT-MO), all major axon tracts were present including the dorsal longitudinal fasciculus (dlf), the ventral longitudinal fasciculus (vlf) of the developing neural tube, the medial lateral fasciculus (mlf) coursing from the hindbrain, as well as the anterior (ac), posterior (pc), and post-optic commissures (poc). Axons emanating from the trigeminal ganglia (tgg) and the caudal primary (CaP) motor neurons, which project from the ventral neural tube to the ventral myotome, were readily observed. (b -d) In morphant embryos of varying phenotypic severities (b -d; 7.5, 3.7, and 2.5 ng ATG-MO, respectively), a severe reduction in the number and density of axon tracts along the entire rostrocaudal axis of the embryo was observed. The intense staining in the forebrain, the midbrain, and hindbrain seen in the control brain was almost completely lost. In addition, the mlf, dlf, and vlf in the neural tube comprised significantly fewer fibers. Axons from CaP neurons were also largely absent. (a -d) Lateral views with rostral to the left and dorsal to the top. 5e and f, arrows). However, as was observed for isl-1-expressing populations, the morphants showed no significant loss of pax2.1-expressing cells in the neuroepithelium of 16 hpf embryos when the neural rod was forming (data not shown). Finally, the pattern of hlx-1-expressing neurons (Fjose et al., 1994) in the caudal diencephalon, tectum, tegmentum, and hindbrain of morphants was similar to controls at 24 hpf (Figs. 5g and h ).
Sonic hedgehog (Shh) is essential for motor neuron and interneuron specification in the early neural tube as well as for specification of subpopulations in the early brain (Krauss et al., 1993) . The expression pattern of shh in the morphants at 26 hpf was essentially normal with strong expression present along the length of the floor plate in the midbrain, hindbrain, and neural tube, and in the dorsal and ventral diencephalon ( (Krauss et al., 1993;  Figs. 6a and b) . Thus, the reduction in neuronal populations was not due to loss of Shh activity. That neural patterning was not disturbed in Neogenin morphants was further demonstrated by the presence of pax2.1-expressing cells marking the rostral component of the mhb in the morphants (Figs. 6c   and d ). This suggests that although morphologically the mhb did not form in the morphants, cells that define this boundary were present in the correct region of the midbrain. In addition, the expression of krox-20, which delineates rhombomeres 3 and 5 (Oxtoby and Jowett, 1993) at 20 hpf, was found to be identical in control and morphant embryos (Figs. 6e and f) , indicating correct patterning of the rhombomeres in the morphants. This observation was corroborated using an rtk2 riboprobe which delineates rhombomeres 1, 3, and 5 (Xu et al., 1994 ; data not shown). In summary, in Neogenin knockdown embryos, the early CNS was patterned accurately and neural progenitor populations were specified correctly. However, the neural progenitors failed to generate mature neuronal populations. 
Failure to form the lumen of the neural tube in Neogenin morphants
Histological analysis of the CNS of morphants at 24 hpf revealed the presence of bilateral columns of neuroepithelium assembled at the midline, as in controls. However, the morphants exhibited defects in lumen formation along the entire neuraxis of the embryo. In severe morphants, the ventricles of the brain primordia and the lumen of the neural tube were completely absent, and the neuroepithelium contained fewer cells that did not align in the regular arrangement seen in the neuroepithelium of control embryos (Figs. 7b and d) . In addition, some individual cells delaminated and were ectopically positioned in the region where the lumen would normally have formed (Figs. 7b and d, arrows) .
To determine if aberrant cell death was occurring, morphant embryos were stained with acridine orange (AO). A marked increase in the number of AO-positive cells was seen throughout the morphant brains compared to control embryos (Figs. 3j -l) . DAPI staining of transverse sections along the neuraxis of the morphants revealed that those cells ectopically positioned in the midline of the morphant neural tube were pyknotic (data not shown), suggesting that cells delaminating from the bilateral columns of neuroepithelium subsequently underwent cell death.
Somite defects in Neogenin morphants
Histological analysis of somites at 24 hpf revealed striking differences in the morphology of the Neogenin morphant and control somites. Somitic cells in the control embryos lined up to form discrete epithelial boundaries surrounding more loosely packed mesenchymal cells in the interior (Fig. 8a, arrows) . Though the boundaries were formed in the morphants, the boundary cells were not well polarized and remained loosely packed (Fig. 8b, arrows) with fewer mesenchymal cells present within the interior of the somite. The somites in the morphants were also noticeably U-shaped compared to the V-shaped somites of controls. Expression of myoD in the caudal half of each somite and in bilateral lines of adaxial cells situated along each side of the notochord (Weinberg et al., 1996) was normal in both morphant and control embryos (Figs. 8c and d) . However, in the morphants, the distance across the caudal expression domain was reduced in each somite and was expanded in the mediolateral direction. Analysis using a riboprobe specific for the Eph receptor, rtk2, which delineates the rostral half of each somite (Xu et al., 1994) , confirmed that the rostrocaudal patterning of each somite was unperturbed in the morphants (data not shown).
Discussion
Here we used targeted morpholino oligonucleotides to reveal that the Netrin receptor, Neogenin, plays an indispensable role in the fundamental developmental processes of somitogenesis and neural tube formation. The phenotypic consequences of knocking down Neogenin activity during vertebrate embryogenesis included a severe reduction in the length of the rostrocaudal axis of the embryo and a substantial loss of differentiated neuronal populations in the emerging CNS. In the absence of antibodies to zebrafish Neogenin, we were unable to demonstrate the degree to which Neogenin protein synthesis was inhibited in our experiments. However, the identical phenotypes produced by two nonoverlapping morpholinos and the restriction of the phenotypic abnormalities to regions where neogenin was expressed indicate the potency and specificity of this approach. A further demonstration of specificity would have been the successful rescue of the morphant phenotype using synthetic neogenin mRNA co-injected with each of the morpholinos. However, this particular experiment proved difficult to execute. Many attempts to transcribe full-length neogenin mRNA were unsuccessful, most likely due to its large size (5.6 kb), high GC content, and the presence of long runs of identical nucleotides.
Neogenin may play a role in convergent extension
The somitic abnormalities in the Neogenin morphants suggest a role for Neogenin in convergent extension (CE). During gastrulation, CE participates in the establishment of the vertebrate body plan by narrowing and extending the embryonic axis in the rostrocaudal direction (Trinkaus et al., 1992; Wallingford et al., 2002; Warga and Kimmel, 1990) . During early gastrulation in zebrafish, mesodermal cells migrate from lateral positions towards the dorsal midline (convergence). As cells converge at the midline, they adopt an elongated morphology and undergo mediolateral intercalation resulting in the elongation of the rostrocaudal axis of the embryo (extension).
Defective CE movements have been observed in several zebrafish mutants (Hammerschmidt et al., 1996; SolnicaKrezel et al., 1996) . Two well-studied mutants are knypek (kny) and trilobite (tri), where defective CE movements are associated with failure of mutant cells to acquire mediolaterally polarized cell morphology and align mediolaterally (Jessen et al., 2002; Sepich et al., 2000; Topczewski et al., 2001) . Although kny and tri functions are required for CE movements, they do not affect cell specification, cell fate, or patterning (Jessen et al., 2002; Sepich et al., 2000; Topczewski et al., 2001) . The morphological consequence of the loss in ability to correctly polarize migrating mesodermal cells is a severe shortening of the rostrocaudal axis of the embryo due to the somites being shorter in the rostrocaudal axis and broader mediolaterally.
The defects observed in the somites of Neogenin morphants closely phenocopy the kny and tri somitic phenotypes. Moreover, the spatial and temporal expression of neogenin is appropriate for a gene that is required for CE. Early in the segmentation period, neogenin is expressed in bilateral stripes in the lateral plate mesoderm and later, as somitogenesis proceeds, the expression domain encompasses the lateral mesoderm.
Neogenin may define neuroepithelial cell polarity
In mammals, the neural tube is formed by primary neurulation. The neural plate invaginates to produce the neural groove which subsequently fuses dorsally to generate the neural tube with a central lumen (Bush et al., 1990; Smith et al., 1994) . In contrast, the neural tube of the zebrafish forms by the process of secondary neurulation where a solid rod of neuroepithelium (neural rod) is created before the formation of a lumen by cavitation (Papan and Campos-Ortega, 1994 ). In our study, the formation of the neural plate and neural rod in zebrafish morphants appeared to occur normally. In addition, at the completion of neural rod formation (approximately 16 hpf), no loss of isl-1-or pax2.1-expressing cells along the neuraxis had occurred, indicating that early neural progenitors were correctly specified in the morphants. shh, hlx-1, rtk2, krox-20, and other markers were also expressed in appropriate domains. All these data indicate that there was a negligible effect on neural rod formation, neuronal specification, or patterning in Neogenin morphants.
We propose that the primary defect in the CNS of the Neogenin morphants is the failure to form a lumen via cavitation and that the loss of differentiated neuronal populations is a consequence of this morphological abnormality. Normally, cavitation begins around 16 hpf and is complete by 24 hpf. In the neural rod of wild-type embryos, the bilateral columns of neuroepithelial cells are interdigitated at the midline, establishing a mediolateral polarity within the neuroepithelium (Papan and CamposOrtega, 1994) . For the lumen to form, the neuroepithelial cells must dissociate medially (the prospective apical border) and subsequently separate towards the lateral (basal) margin of the neural rod. Such movements require that correct polarity be established across the apicalbasal axis of the neuroepithelium. As discussed above, our study implicates Neogenin in the CE events underlying zebrafish somitogenesis. Because CE depends on the integration of signals that establish cell polarity and lead to directional migration, we suggest that zebrafish Neogenin also acts to establish cell polarity in the neuroepithelium of the neural rod. In the absence of Neogenin, the neural rod may form correctly but cavitation is not initiated, as the neuroepithelium is unable to polarize in an orientation that would promote dissociation of cells at the midline or movement away from the midline. This notion is supported by the observation that neogenin is expressed throughout the rostrocaudal axis of the neural rod at the time when cavitation is occurring (16 hpf; Fig. 1c) .
In the normal neural tube, dividing neuroepithelial cells in the ventricular zones generate the primary neuronal populations that migrate out of the ventricular zones, differentiate, and extend their axons. The dividing neuroepithelial cells are oriented such that mitosis takes place at the luminal surface (Concha and Adams, 1998; Kimmel et al., 1994) . In the absence of a lumen, it is unlikely that mitosis could take place efficiently. Indeed, the delaminated, possibly dead neuroepithelial cells that were seen in the Neogenin morphants in the region where the lumen should have formed may correspond to cells that had attempted to divide. Such cell death could account for the generalized loss of neuronal progenitors and differentiated neuronal populations that were seen throughout the developing CNS in the morphants after neural rod formation.
That Neogenin may play a role in cell polarity and migration is supported by analysis of unc-40 loss-of-function mutants in C. elegans, which revealed perturbations in the ventral and dorsal migration patterns of some neuroblasts and mesodermal cells (Hedgecock et al., 1990) . In a further study, Unc-40 was shown to be required for the correct polarization and orientation of migrating neuroblasts (Honigberg and Kenyon, 2000) . Moreover, examination of Dcc null mouse embryos revealed that Dcc was crucial for the migration of some neuronal populations (Bloch-Gallego et al., 1999; Serafini et al., 1996) . Analysis of the circumferential migration of basilar pontine neurons in Dcc null mice implicated Dcc in driving the extension of leading processes towards the ventral midline in a Netrin-1-dependent manner (Yee et al., 1999) . These observations indicate that Netrin receptors play a critical role in cell migration events during embryogenesis by defining the polarity of motile cells.
While Srinivasan et al. (2003) recently demonstrated that Netrin-1 is the in vivo ligand for Neogenin in the context of mammary gland morphogenesis, the Neogenin ligand required for successful cavitation of the neural rod is as yet unknown. However, at 16 hpf during the initiation of secondary neurulation, netrin expression is observed at all levels along the neuraxis in ventromedial cells that include the presumptive floor plate cells (Lauderdale et al., 1997; Strahle et al., 1997) .
In summary, our study has established a critical role for Neogenin in somitogenesis, neural tube formation, and subsequent neurogenesis in zebrafish.
